Introduction
Fused (hetero)acenes, [1] which represent one of the moststudied categories of organic semiconductors, have been used in diverse applications such as organic field-effect transistors (OFET), [2] light-emitting diodes (OLED), [3] or photovoltaic cells.
[4] Over the past 10 years, many synthetic efforts have been carried out by the chemical community to improve the solubility of these semiconductors to produce organic electronic devices by solution processes. For example, recent publications described the functionalization of pentacene, anthradithiophene (ADT), or longer (hetero)acenes cores by several units, including silyl, [2j,2k,3,4a,4c,5] thiophenyl, [3,4b,6] or phenyl derivatives. [3, 7] Additionally, it has been demonstrated that the presence of such substituents enhances the stability of these derivatives towards photooxidation, especially in solution.
[5a,5c, 6a,8] With this synthetic strategy, chemical reactions involving these compounds were also rendered feasible and were engaged in oligomerization and/or polymerization reactions.
[6b,9] The synthetic work reported in the literature to increase the stability of this class of semiconductors mainly focuses on the functionalization of the center of their aromatic cores (5,11-positions of pentacene and ADT cores for instance). Here, we investigate the influence of substitution at the 2,8-positions of the ADT backbone by electron-withdrawing or electron-donating groups on its stability towards photoinduced degradation. We describe the synthesis and the characterization of new anthradithiophene derivatives bearing triphenylamine as an electron donor (TPAADT) and formyl groups (FADT) as electron-acceptor moieties. 2-Octylthiophenyl units were attached at the 5,11-positions of the FADT backbone to fulfill solubility requirements and to selectively perform nBuLi-mediated metalations at the 2,8-positions of precursor ADT 1. In the case of TPAADT, thiophenyl groups were also substituted at the 5,11-positions of the aromatic system to improve its solubility. The spectroscopic and electrochemical properties of these synthesized semiconductors were evaluated and interpreted with the help of quantum chemical calculations.
Results and Discussion
FADT and TPAADT were prepared as presented in Scheme 1. FADT (purple solid) was obtained in 72 % yield by metalation of ADT 1
[6b] using nBuLi, followed by reaction of the corresponding dilithiated species with DMF. Note that FADT is produced as a mixture of isomers, as its preparation was made starting from a mixture of syn/anti isomers of ADT 1. Synthesis of TPAADT was performed in three steps starting from thiophene derivative 2, [10] with an overall yield of 35 %. 4-Bromo-N,N-diphenylaniline and compound 2 were first engaged in a Stille coupling, and deprotection of the aldehyde functions, using 6 m HCl, afforded product 3 in 60 % yield. Diquinone 4 was obtained as an inseparable mixture of syn/anti isomers in 72 % yield by reaction of dialdehyde 3 with cyclohexane-1,4-dione in the presence of 5 % KOH. Finally, TPAADT (mixture of syn/anti isomers) was synthesized by reaction of 4 with the corresponding lithium intermediate of thiophene, followed by reduction/deoxygenation using SnCl 2 in 6 m HCl. TPAADT was obtained as a pure dark red solid in 80 % yield by precipitation from the reaction mixture using methanol. Several trials were attempted to prepare compound 5 bearing 2-octylthiophenyl moieties at the 5,11-positions of the ADT core. The same procedure used for the synthesis of TPAADT was applied using 2-octylthiophene instead of thiophene. ADT 5 appeared to be impossible to isolate. Indeed, several purification techniques (all performed under light exclusion), such as recrystallization and chromatography on silica gel, alumina (neutral and basic), or Celite, were tried without any success. In each case, degradation of product 5 was observed, which is certainly due to its poor stability in solution. All ADT derivatives possess reasonable solubilities in common organic solvents and were characterized by NMR and UV/Vis spectroscopy, cyclic voltammetry, and mass spectrometry (see Supporting Information).
The absorption and emission spectra of 1, FADT, and TPAADT were measured in 10 -5 m chloroform solutions and were compared to theoretical simulations. To do so, geometry optimizations were performed at the density functional theory (DFT) level, using the B3LYP functional [11] and the 6-31G(d,p) basis set. The octyl chains of the 2-www.eurjoc.orgoctylthiophenyl groups (in 1 and FADT) were replaced by methyl groups in the geometry optimizations to reduce the computational costs (those substituents do not contribute to the description of the frontier electronic levels and the first absorption peaks). The thiophene (TPAADT) and 2-octylthiophene (1 and FADT) units are found to be perpendicular to the conjugated cores in the optimized geometry, which reduces the steric hindrance with the hydrogen atoms at the 4,6,10,12-positions. The vertical transition energies to the lowest excited states of the isolated compounds were computed from the optimized geometries with the time-dependent density functional theory (TD-DFT) formalism, [12] using the same functional and basis set. The Gaussian 03 package was used for all calculations. [13] Bathochromic shifts of the absorption maxima of, respectively, 28 nm (0.12 eV) and 71 nm (0.29 eV) are observed going from 1 to TPAADT and from 1 to FADT ( Figure 1 ). These redshifts are due to the substitution of the ADT core at the 2,8-positions by triphenylamine units, which extend the π conjugated system, [14] or by the mesomeric effects induced by the formyl groups. [15] The calculated transition energies follow the same behavior going from 1 to TPAADT [43 nm (0.18 eV)] and from 1 to FADT [95 nm (0.36 eV)]. TPAADT also presents molar extinction coefficients (ε) higher than those of ADT 1 and FADT, by about a factor of two; this increase is also consistent with the quantum chemical calculations (Supporting Information, Figure S15 ). The emission maximum also displays a redshift in agreement with the observations made in the UV/Vis spectra. Bathochromic shifts of 21 nm (0.08 eV) and of 91 nm (0.33 eV) are measured between 1 and TPAADT and between 1 and FADT, respectively ( Figure 2 ). The optical band gaps, collected in Table 1 , were determined from the intersection of the normalized absorption and emission spectra of all ADT derivatives. The band gap value decreases from 2.35 eV for 1 to 2.25 eV for TPAADT and to 2.04 eV for FADT.
It was previously demonstrated that the reaction involved in the photoinduced degradation of fused linear (hetero)-acenes can be compared to a Diels-Alder cycloaddition between the most reactive central ring of the (hetero)acenes and the O 2 singlet formed upon UV/Vis irradiation, which leads to the formation of an endoperoxide bridge. [8] Thereby, the stability of 1, FADT, and TPAADT towards photo-oxidation was investigated by monitoring the absorbance decay of 10 -5 m chloroform solutions stored in the dark at room temperature, under ambient atmosphere and exposed to 10 cm of an 8-W UV/Vis lamp (λ 1 = 244 nm, λ 2 = 366 nm; Figure 3 ; Supporting Information, Figures S1-S3). Considering an absorbance decay of 50 % of the lower energy bands of all ADT compounds, the stability order observed is as follows: FADT (55 s) Ͼ 1 (33 s) Ͼ TPAADT (25 s). The higher stability of FADT towards photodegradation, by about a factor of two compared to those of 1 and TPAADT, is attributed to the substitution of the ADT core periphery by strong electron-withdrawing formyl groups, which make the central backbone electron deficient. On the contrary, TPAADT is less stable than 1 due to the electrondonating triphenylamine units introduced at the 2,8-positions of the ADT skeleton. The stability order observed can be rationalized from the calculated energy of the HOMO levels among the three ADT molecules (Table 1) . FADT indeed possesses the lowest HOMO level (-5.23 eV), TPAADT the highest one (-4.58 eV), whereas the HOMO level of ADT 1 (-4.77 eV) is between the two. In addition, upon irradiation of TPAADT, a new broadband located around 790 nm is also observed (Supporting Information, Figure S3 ) and is assigned to the formation of a radicalcation by oxidation of the molecule. [16] Furthermore, several isosbestic points were noted in the UV/Vis spectra of 1 and FADT (Supporting Information, Figures S1 and S2) , thus indicating the coexistence in solution of two species: the starting derivatives and their corresponding photo-oxidized species. Such a phenomenon is however not observed for TPAADT. This might imply that the degradation of the latter occurs following a more complex mechanism that certainly involves the radical-cation formed under UV/Vis irradiation. Throughout all these experiments, it was also found that freshly prepared solutions of all products stored in the dark remain stable for at least 36 h. As a consequence, this observation shows that light irradiation acts as the agent responsible for the degradation of the ADTs. The electrochemical properties of all ADT derivatives were studied by cyclic voltammetry (Supporting Information, Figures S16-21 ) and are listed in Table 2 . Oxidation processes were measured in dichloromethane and reduction ones in N,N-dimethylformamide vs. the Fc + /Fc couple. All measurements were also performed under light exclusion in degassed solutions of the products to avoid the presence in solution of their photo-oxidized corresponding species. ADT 1 presents two quasireversible oxidations at E ox1-1 = 0.35 V and E ox2-1 = 0.61 V. These two waves are ascribed to the successive oxidations of 1 into its corresponding radical-cation and dication species. FADT shows a single quasireversible oxidative process (E ox1-FADT = 0.57 V), which appears positively shifted compared to that of compound 1. This is due to the presence of electronaccepting formyl groups, which render FADT more difficult to oxidize than 1. TPAADT exhibits multiple oxidative waves with the first quasireversible one (E ox1-TPAADT = 0.28 V) shifted to negative potentials, which is caused by the substitution of the ADT backbone with electron-rich triphenylamine groups. These electrochemical measure- [a] HOMO and LUMO energy levels are estimated from the first oxidation and reduction potential waves according to HOMO = -(4.8 + E ox1 ) and LUMO = -(4.8 + E red1 ). [17] www.eurjoc.orgments confirm the stability order observed in the photooxidation studies and predicted by theoretical calculation of HOMO levels, because E ox1-FADT Ͼ E ox1-1 Ͼ E ox1-TPAADT . ADT 1 and TPAADT present one reduction wave at similar potentials: E red1-1 = -1.89 V and E red1-TPAADT = -1.81 V, which is in agreement with the quantum chemical calculations (Table 1) . On the contrary, FADT shows three successive quasireversible reductions located at -1.40, -1.66, and -1.85 V. The first reduction potential of FADT is higher than that of 1 and TPAADT, consistent with the increase in its electron affinity due to the presence of strong electron-accepting functions (aldehyde), thus leading to the stabilization of the FADT LUMO energy level (Table 2 ).
Conclusions
Two new anthradithiophene derivatives bearing electrondonating (triphenylamine) and withdrawing (formyl) groups at the 2,8-positions of the ADT core have been successfully synthesized and characterized. It has been proven by optical experiments that the ADT skeleton is more resistant towards photo-oxidation by about a factor of two when the latter is substituted on its periphery by electron-accepting units. This observation is fully supported by quantum chemical calculations as well as by cyclic voltammetry experiments.
Experimental Section
General: All chemicals and solvents were purchased from Acros and Aldrich and were used without further purification unless otherwise stated. THF was dried by a conventional method (Na/ benzophenone distillation under an atmosphere of argon) and collected with glass syringes. TLC was performed with SiO 2 Silica gel 60F 254 on aluminum sheets (Merck). Column chromatography was performed with silica gel 60 (particle size 0.063-0.200 mm, Merck). 1 H NMR (300 MHz) and 13 C NMR (75 MHz) were recorded with a Bruker Advance 300 spectrometer. The residual signal of the solvent was taken as internal reference standard. HRMS (EI) and MALDI-ToF measurements were made with a Waters AutoSpec 6 and with a Waters QToF Premier apparatus, respectively. Absorption spectra were recorded in CHCl 3 with an Agilent 8453 spectrophotometer. Emission spectra were measured with an Aminco Bowman series 2 luminescence spectrophotometer. Melting points were observed by microscopy using a Mettler FP 82 hot stage. Cyclic voltammetry measurements were performed with a Princeton Applied research Parstat 2273 potentiostat equipped with Electrochemistry Powersuite 2.58 software. Measurements were carried out at room temperature in a three-electrode single-compartment cell (5 mL), at a scan rate of 100 mV s -1 . Concentrations of 10 -3 m in CH 2 Cl 2 or DMF solutions containing TBAPF 6 (0.1 m) as supporting electrolyte were prepared. Before each measurement, solutions were degassed for 10 min by bubbling nitrogen. A platinum disc (Ø = 1.6 mm, ALS Japan) was used as a working electrode. A platinum wire (Ø = 0.5 mm, ALS Japan) was employed as counter electrode, and an Ag/AgCl/NaCl(sat) electrode (ALS Japan) was used as reference. The Ag/AgCl electrode was checked against the ferrocene/ferrocenium (Fc + /Fc) couple before and after each experiment. All potentials are reported vs. Fc + /Fc couple.
5,11-Bis(5-octylthiophen-2-yl)anthradithiophene (1, syn/anti isomers): Identical procedure described in literature.
[6b]
5-Tributylstannyl-2,3-bis(1,3-dioxolan-2-yl)thiophene (2):
Identical procedure previously reported in literature.
[10]
5-[4-(Diphenylamino)phenyl]thiophene-2,3-dicarbaldehyde (3):
Under an atmosphere of argon, a mixture of 5-tributylstannyl-2,3-bis(1,3-dioxolan-2-yl)thiophene (2; 2.54 g, 4.91 mmol), 4-bromo-N,N-diphenylaniline (1.34 g, 4.1 mmol), and Pd(PPh 3 ) 4 (208 mg) in toluene (30 mL) was heated at reflux for 1.5 h. The medium was then concentrated and passed through silica gel (CH 2 Cl 2 + 1% Et 3 N) to remove the catalyst residues. Fractions containing the blue fluorescent spot (R f = 0.5) were combined, and the solvent was evaporated. The residue was dissolved in THF (80 mL) and HCl aq (6 m, 50 mL) was added. The mixture was stirred at room temperature for 20 min. 
2,8-[4-(Diphenylamino)phenyl]anthradithiophene-5,11-dione
(4, syn/anti isomers): To a mixture of 3 (1.60 g, 4.17 mmol) and 1,4-cyclohexanedione (0.23 g, 2.09 mmol) in a mixture of THF (140 mL) and absolute ethanol (50 mL) was slowly added 5 % KOH (6 mL). The mixture was then stirred for 20 min. The red precipitate formed was isolated by filtration, washed with ethanol and methanol, and dried. Diquinone 4 (1.21 g, 1.50 mmol) was used without further purification. Yield: 72 %. 1 25 mmol) was added in one portion. After 10 min, the cooling bath was removed, and the mixture was stirred until complete dissolution of the diquinone (≈30 min). Finally, the reaction was protected from the light and a solution of SnCl 2 (1.125 g) in HCl aq (6 m, 2.70 mL) was slowly added. The reaction was stirred (still protected from the light) for an additional 20 min, and then the mixture was poured into methanol (150 mL). The precipitate formed was then isolated by filtration, washed with 6 m HCl aq , H 2 O, and MeOH, and dried. Product TPAADT was obtained (0.191 g, 0.20 mmol) as a dark red solid. Yield: 80 %. 1 : To a solution of compound 1 (0.24 g, 0.36 mmol) in dry THF (20 mL) cooled to -80°C under an atmosphere of argon was added dropwise nBuLi (2.5 m in hexane, 0.32 mL, 0.79 mmol), and the mixture was stirred for 10-15 min. Then, anhydrous DMF (0.07 g, 0.08 mL, 1.00 mmol) was added in one portion. After 10 min, the cooling bath was removed, and the mixture was stirred for 2 h at room temperature. The reaction was then quenched by addition of water (30 mL), and the mixture was extracted with dichloromethane (2ϫ). The combined organic layers were dried with magnesium sulfate, filtered, and concentrated. The residue was purified by column chromatography on silica gel (CH 2 Cl 2 ) to afford dialdehyde derivative FADT (0.19 g, 0.26 mmol) as a purple solid. Yield: 72 %. 1 Supporting Information (see footnote on the first page of this article): Optical and cyclic voltammetry data; NMR, mass, and theoretical absorption spectra.
